We have elicited anti-arsonate antibodies bearing the major cross-reactive idiotype (CRIA) in a double congenic idiotype-negative strain (C.C58.AL-20) bearing a light chain polymorphism that has previously been shown serologically not to complement idiotype-positive heavy chains.
The antibody response of A/J mice against arsonate coupled to hemocyanin is characterized by the selection ofa dominant and recurrent idiotype called the CRIA (1) (2) (3) . It was initially found that expression of this idiotype was linked to the IgH locus since only A/J, A.He, and C.AL-20 mice express the idiotype after arsonate immunization (4) . Later it was shown that the ability to express the CRIA was linked to both heavy and light chain loci. Indeed, by means of genetic crosses many strains could provide the appropriate light chain but others (i.e., C58, AKR, and PL/J) could not (5) . The strain distribution of mice unable to complement the A strain heavy chain corresponded to the strain distribution for K light chain phenotypic markers, like IB (6) and the Efla isoelectrofocusing marker (7, 8) . The molecular basis of the CRIA has now been firmly established. During the immune response, a canonical combination ofimmunoglobulin variable (V) region gene segments is selected (9) (10) (11) (12) . The heavy chain is made up of VH1.8, DFL16.1, and JH2 gene segments (where VH and JH are heavy chain variable and heavy chain joining), whereas the light chain is encoded by VK10.1b and JK1 gene segments (where VK and JK are K chain variable and K chain joining) (13) (14) (15) (16) (17) .
Recently, the molecular basis for this light chain polymorphism has been studied in detail (18) . Nucleotide sequence analysis revealed two VK allelic groups: AKRI, AJI, and PERU); AKR2, AJ2, and PERU2. The product of the AJI allele encodes the light chain in CRIA antibodies. The AKRI The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
(IgK-V1O.Ja) allele (and most probably that of C58) contains four amino acid differences in the third complementaritydetermining hypervariable region as compared with the AJI allele (IgK-V1O.1b).
Using the idiotypic cascade (19) (20) (21) (22) it has been shown that many of the genetic requirements for the production of the CRIA idiotype can be bypassed. Indeed, BALB/c mice injected with anti-CRIA antibodies and subsequently immunized with arsonate are able to synthesize large amounts of antiarsonate antibodies strongly cross-reactive with the CRIA idiotype (called the CRIA-like idiotype) (21) . In previous studies we established the molecular basis of the CRIA-like idiotype showing that the heavy chain diversity (DH) segments and the light chains were nearly identical in both CRIA and CRIA-like idiotypes, but two very different VH gene segments were employed (22) . Later, using idiotypic manipulation, we also showed that C.C58 mice, though lacking expression of both VH and light chain variable (VL) genes needed for the production ofthe CRIA, were also able to synthesize CRIA-like anti-arsonate antibodies although the structures of those molecules have not yet been determined (23) .
Here we explore the molecular basis of the ability of C.C58 mice to make the CRIA-like idiotype by immunizing double congenic (C.C58.AL-20) mice with anti-CRIA and isolating hybridomas from these mice.
MATERIALS AND METHODS
Mice. The C.AL-20 strain was developed by M. Potter (National Institutes of Health) and has the heavy chain allotype locus of the AL/N strain on a BALB/c background. They were the kind gift of R. Riblet (Molecular Biology Institute, La Jolla, CA). C.C58.AL-20 are double congenic on a BALB/c background and contain the heavy chain of the AL/N strain and K alleles of C58/J (24, 25) .
Immunizations. Abl. Mice were immunized withp-azophenylarsonate-keyhole limpet hemocyanin (Ars-KLH) by an i.p. injection of 100 ,g of antigen in complete Freund's adjuvant (CFA) and given a booster injection with 100 jig of Ars-KLH in normal saline 1 month later.
Ab3. Mice received three injections of 20-50 jig of afrinitypurified rabbit anti-CRIA antibodies (Ab2) s.c. and i.p. at 2-week intervals. The first injection contained CFA; the others contained incomplete Freund's adjuvant (IFA).
Abl'. Ab3 mice were inoculated with Ars-KLH according to the Abl protocol, 2-4 weeks after the last Ab2 injection.
Anti-idiotypic antibody vaccines (Ab2 emulsified in CFA and followed 2 weeks later by one injection in IFA. Subsequent injections were made in saline at 2-week intervals. These Ab2 antisera were rendered specific for idiotypic determinants, first by multiple passages through columns of normal A/J or BALB/c immunoglobulin conjugated to Sepharose and second by adsorption on a column of Sepharose conjugated to affinity-purified A/J anti-Ars antibodies (Rl) or coupled to 22B5 and 9A5 monoclonal antibodies (mAbs) (R2), followed by elution with glycine HCl (pH 2.2). 22B5 and 9A5 are BALB/c CRIA-like anti-Ars mAbs described previously (21, 22) . Enzyme-Linked Immunosorbent Assay. Ars binding assays. These were performed as described in detail previously (23) .
Idiotopic analyses. Seven anti-idiotypic mAbs were used throughout these studies: 2D3, AD8, E3, E4, H8, 7B7, 12S18.1. The detailed properties of these Ab2 mAbs are described elsewhere (12, (26) (27) (28) (29) . Anti-idiotypic antibodies are given the same name as the target idiotope they recognize.
Idiotypic analyses. The CRIA and CRIA-like reactivities were detected by a competitive inhibition assay with polyclonal rabbit Ab2 specific for CRIA or CRIA-like idiotypes (22, 23, 27) . The anti-CRIA reagent was prepared following the protocols of the Rl vaccine. To obtain the anti-CRIA-like reagent, a rabbit was immunized with mAb 22B5 and the antisera were rendered specific by repeated passage over Sepharose columns coupled with normal BALB/c immunoglobulins. The bound rabbit antibodies were detected by a goatanti-rabbitimmunoglobulincoupledtoperoxidase(Kirkegaard & Perry Laboratories). Assays were performed in the presence of 1% A/J and BALB/c normal ascitic fluid. In the CRIA-like assay, 1% 36-65 [a CRIA-positive A/J anti-arsonate antibody (14) ] containing ascitic fluid is added to rabbit antiserum to avoid cross-reaction between the two idiotypes.
Molecular Biological Techniques. First strand cDNA synthesis was performed using oligo(dT) and reverse transcriptase. VH and VK primers were designed based on the knowledge of the sequence of VH1.8 and VK10 gene segments as well as described by Kaartinen et al. (30) . After first strand synthesis, amplification was accomplished with a thermal cycler (Perkin-Elmer/Cetus), the PCR products were cloned into the Sma I site of PTZ19R, and the DNA was transformed into competent BSJ-72 cells. Sequencing was done by preparing single-stranded DNA from the phagemid and sequencing via the method of Sanger (31) .
Nomenclature of VKJ0 Alleles. Previous studies identified two sets of VK10 alleles in A/J and C.AKR mice (18) . One group includes the AJI (IgK-VIO.Jb) and AKRI (IgK VI0.Ia) alleles; the other includes the AJ2 (IgK-V10.2b) and AKR2 (IgK-V10.2a) alleles. Consistent with studies of other VK polymorphisms, the VK10 Southern hybridization pattern of the C.C58 strain is identical to that of C.AKR (18) , suggesting that the VK10 alleles of C.C58 (and C.C58.AL-20) are the same or very similar to those of C.AKR. In the present studies, the VK1O alleles of C.C58.AL-20 are therefore referred to as AKRI and AKR2.
RESULTS
Idiotypic Analysis of C.C58.AL-20 Anti-Arsonate Sera. Mice differing only at the immunoglobulin K locus have very different Ab responses to the arsonate hapten. C.AL-20 mice readily produce CRIA-positive antibodies (especially E3, E4, H8, and 2D3, the classical CRIA idiotopes of A/J mice), whereas C.C58.AL-20 mice do not (data not shown). To address whether or not C.C58.AL-20 have VK germ-line gene segments that can be used to generate CRIA-positive antibodies, the method of idiotypic manipulation was utilized.
C.C58.AL-20 mice were treated with two different rabbit Ab2 followed by Ars-KLH immunization. These mice produced four CRIA idiotopes but with different idiotypic patterns. C.C58.AL-20 mice injected with Ab2R1 produced antibodies with an idiotypic profile similar to the CRIA-like idiotype of BALB/c mice (E4 positive, E3 positive, H8 positive, 2D3 negative). C.C58.AL-20 mice injected with Ab2R2 produced anti-Ars antibodies expressing E4 and H8, low amounts of 2D3, and no E3 (data not shown).
CRIA-Positive mAbs from C.C58.AL-20 Mice. Eight hybridomas were generated from two mice: two from a mouse injected with the Ab2R1 and six from a mouse inoculated with the Ab2R2. The idiotopic pattern of four of the mAbs from these cell lines is shown in Table 1 . Previously, we have shown that certain anti-idiotypic antibodies recognize epitopes most likely encoded (or at least strongly influenced) by amino acids encoded in particular gene segments (VH, VK, DH, orJH) (2, 9, 12, 26) . In situations where idiotypic mapping has been done, the assigned gene segment has been noted. As can be seen, the mAbs from the C.C58.AL-20 strain mice express the three idiotopes strongly influenced by the DFL16.1 gene segment product (E4, E3, H8). In contrast, the 7B7 idiotope, which is most likely encoded by the IgK-VJO.lb allele, was not detected on any of the C.C58.AL-20 strain mAbs that bear the IgK-V1O.la allele.
It is clear from these analyses that mAb 24 (isolated from an Rl manipulated mouse) behaves differently with respect to idiotype expression than the other mAbs. The CRIA idiotopes recognized by the mAb 12S18.1 as well as the rabbit anti-CRIA assay are expressed differently among mAbs from C.C58.AL-20 mice. Neither of these two determinants is present on mAb 24. Previously, the reactivities of E4 and 12S18.1 could not be dissociated from one another (29) . However, the finding that mAb 24 (and a second mAb not shown) express E4 but not 12S18.1 demonstrates that mAbs E4 and 12S18.1 recognize distinct structures.
MAb 24 (Ri manipulated) does not express the two idiotopes most likely encoded by the VH1.8 gene segment (2D3 ) ; E4, E3, H8, 2D3, AD8, 7B7, and 12S18.1, mAbs detecting idiotopes localized on gene segment products noted above; polyclonal antibodies, R-anti-CRIA-like recognizes determinants present on VH segments that are products belonging to the VHGAM3.8 (VH9) family; R-anti-CRIA is a conventional rabbit anti-Ars A idiotype reagent. and AD8). On the other hand, all mAbs from the mouse manipulated with Ab2R2 express the AD8 idiotope; 2D3 expression varies from antibody to antibody. This may reflect a frequently recurrent point mutation in the VH gene segment at amino acid position 59 (K --N) that we have defined as essential for 2D3 expression (12) .
BALB/c CRIA-like antibodies are encoded by gene segment combinations different from those used by A/J mice (22) . In this situation, the VK10 light chain and DFL16.1 DH gene are used in conjunction with an entirely different VH segment (from the VHGAM3.8 family) and various JH segments. The idiotype produced by BALB/c mice has been termed CRIAlike (22) ; this idiotype has never been detected in A/J mice. However, using a reagent specific for the VH CRIA-like gene product, we have been able to identify VH CRIA-like idiotypic determinants on mAb 24 from C.C58.AL-20. This observation raises the possibility that C.C58.AL-20 CRIA-positive antibodies may use various gene segment combinations and notably some encoded by VH CRIA-like genes.
Nucleotide Sequencing of the Light Chain Genes. Light chain nucleotide and deduced amino acid sequences for the four mAbs are shown in Fig. 1 . They are compared (top) to the sequence of the AKR2 VK10 gene segment (18) and the AJI VJ10 gene segment (15, 18) (bottom). The relatedness of the four mAb K chain genes is apparent as are the shared substitutions in three of the four sequences. It is clear that mAb 48, mAb 44.1, and mAb 419.1 are clonally related (they are from the same mouse) in that several shared substitutions exist; however, these hybridomas clearly represent a B-cell clone that has undergone somatic mutation since distinct amino acid substitutions exist in each cell line. Furthermore, it seems likely that this response was driven by antigen since the substitutions are clustered in the complementaritydetermining regions.
As is evident from Fig. 1 , the light chains utilized by the hybridomas 48, 44.1, and 419.1 more closely resemble the AKR2 sequence than the AKRI VK10 sequence (18) , whereas the light chain utilized by mAb 24 is clearly derived from the AKRI gene. Strikingly, all four hybridomas generate an arginine at the VK/JKjunction, an amino acid previously shown to be essential at this position for arsonate binding (12) .
Nucleotide Sequencing of the Heavy Chain Genes. The nucleotide and deduced amino acid sequences of the heavy chains of hybridomas 48, 44.1, and 419.1 are shown in Fig. 2 and are compared to the VH1.8 germ-line gene (13) , which is known to be used in the CRIA-positive response in the A/J strain. Again, the clonal relatedness of the three hybridomas is evident by the linked substitutions as well as the identical VH/DH and DH/JH junctions. Surprisingly, all three hybridomas utilize the JH4 gene segment, a gene segment we have previously shown to be less efficient at conferring arsonate binding activity (10) . To firmly establish that the VH1.8 gene was the gene segment utilized by these hybridomas, one of them (mAb 48) was sequenced through the leader intron and no substitutions were seen in this entire 250-nucleotide stretch of DNA (data not shown). The nucleotide sequence of the heavy chain of hybridoma 24 was compared to two germ-line VHGAM3.8 genes, VMS9 and 264, which have recently been reported (32); they use DFL16.1 and JH4 (data not shown). VH VMS9 is from the BALB/c strain, whereas VH264 was derived from a C57BL6 animal.
There are nine nucleotide differences between the heavy chain of mAb 24 and the most homologous VH segment VMS9 (32) . Since germ-line VHGAM3.8 sequences from animals with the A strain VH haplotype are not available, it is impossible to determine whether or not these differences are somatic mutations or germ-line polymorphisms. However, since the light chain from mAb 24 is somatically mutated, it seems likely that some of these substitutions are somatically derived. Two of the substitutions seen in the Proc. Natl. Acad. Sci. USA 90 (1993) gtc acc atc agt tgc agg gca agt cag gat att agc aat tat tta aac tgg tat
cag cag aaa cca gat gga act gtt aaa ctc ctg atc tac tac aca tca aga tta
cac tca gga gtc cca tca agg ttc agt ggc agt ggg tct ggg aca gat tat tct
AKR2 ctc acc atc agc aac ctg gaa cet gaa gat att gcc act tac tat tgt cag cag mAb 24 heavy chain (codon positions 55 and 57) are present in another germ-line VH gene, 264-leading to the possibility that these substitutions might be template driven. There are six nucleotide differences between the heavy chain of 22B5 (which is of BALB/c origin) and the closest known germ-line gene segment VMS9. Thus, ifwe assume that mAb 24 derives from a closely related A strain gene segment, it appears that the rate of somatic mutation between antibodies that were derived by antigen stimulation (like mAb 22B5) is similar to that seen in antibodies derived via idiotypic manipulation (like mAb 24). This conclusion is confirmed by comparing the number of somatic mutations in the light chains of these four hybridomas (two to seven per light chain) to the number seen in light chains from antibodies derived by antigen stimulation alone (up to nine per light chain) (33) . The importance of junctional diversity is reiterated in all four VH sequences in that serine is present at position 99, which we and others (12, 34) have previously demonstrated as being crucial for antigen binding. Furthermore, the serine is encoded in each case by the relatively rare codon TCG. It is now apparent that the TC dinucleotide is in actuality a "P" 18 VH1.8 gag gtt cag ctt cag cag tct gga gct gag ctg gtg agg gct ggg tcc tca gtg 
VH1.8 tct gca gtc tat ttc tgt gca aga DFL16.1 tt tat tac tat ggt ggt agc tac
at tac tat gct atg gac tac tgg ggt caa gga acc tca gtc acc gtc tcc tca segment (35) , which is found in all CRIA and CRIA-like anti-arsonate antibodies.
DISCUSSION
The studies described here extend our previous analysis of the manipulation of the arsonate idiotype, provide additional information on the localization of various idiotypes and idiotopes, emphasize the role of the DH segment in idiotype determination, and provide information on the utilization of various germ-line genes in idiotype-positive and idiotypenegative strains.
The CRIA idiotype is the classically defined idiotype of A strain mice and is the predominant immune response in the serum and in hybridomas produced after Ars-KLH immunization (1, 4) . Early studies demonstrated that a single VH gene segment [later cloned and sequenced by two laboratories (13, 14) ] gave rise to this response. Since it was shown that other strains lack this heavy chain gene segment it was surprising when some years later, after both standard immunization (rarely) and with anti-idiotype manipulation (almost always), antibodies could be raised in BALB/c that serologically behaved as CRIA positive (later termed CRIA-like). Structural studies on these molecules showed them to utilize the same light chain structures as A/J antibodies (VK10 and JK1) but their heavy chain VH gene segments belonged to a new family of VH genes, termed VHGAM3.8. The presence of the DFL16.1 counterpart in the BALB/c strain (sometimes mutated to the A/J-type DH segment) suggested that the DFL16.1 gene segment was an important component of the idiotype (22) . Thus, the principle was developed by these Proc. Natl. Acad. Sci. USA 90 (1993) 9511 analyses that the same VK, JK, and DH segments coupled with distinct VH and JH gene segments could provide an antiarsonate antibody in different strains that behaved very similarly serologically. When monoclonal anti-idiotopes became available, these CRIA and CRIA-like molecules could be easily distinguished by reagents that recognized the products of VH gene segments. The logical extension of this principle was the generation of idiotype-positive molecules in mice lacking both crucial alleles. The K chain congenic C.C58 strain was chosen and idiotypically manipulated. Although we were unable to produce hybridomas, serum CRIA-like antibodies were documented (23) . In the present study a somewhat less restrictive approach was employed as the C.58.AL-20 strain (a double congenic of BALB/c background with AL/N heavy chains and C58 light chains) was utilized. Both in serum and in hybridomas, CRIA-like molecules were easily detected after idiotypic manipulation. Structural analysis of these molecules reveals that both types of VH gene segments are recruited, the VHGAM3.8 type and the canonical VH1.8 type as well. The light chains recruited in the response were the closest counterparts of the A/J and BALB/c light chains present in the C58 strain. Since the germ-line genes from the C.AKR strain, which bears an IgK haplotype closely related to C.C58, have recently been sequenced (18), we were able to easily identify the germ-line origin in each instance as the analog of a C.AKR VK10 allele.
Previously, we speculated that the reason that C.AKR (and C.C58) could not support the idiotype was that the third hypervariable region of their VK10 alleles was very different [QQYSKLP (AKR2) or QQDSKHP (AKRI)] from the canonical VK10 sequence (QQGNTLP). The rest of the VK10 variant genes are virtually identical to the A/J VK10 gene. Three of the four hybridomas support this conclusion, in that the third hypervariable regions are markedly mutated. One hybridoma (mAb 24) actually mutates toward the AJ germline sequence. However, the amino acid sequence of the third hypervariable region of the light chain of hybridoma 44.1 is completely germ-line. Thus the AKR2 germ-line VK10 sequence (at least of CDR3) is perplexing in that it can clearly suffice in an anti-arsonate antibody. The question remains: since the AKR2 VK gene can generate an anti-arsonate antibody, why does not this strain normally produce an idiotype-positive response to Ars?
There are two possibilities to explain this result. First, the VK10 alleles of C.AKR and C.C58 variant genes may be selected under certain situations and can only be "rescued" by idiotypic manipulation. This seems unlikely, in that these genes are expressed in other situations. However, a recent report suggests that an endogenous retrovirus located within the VK locus in BALB/c, C58.C, and A/J mice, but not in C58, C.C58, or NZB mice, stimulates rearrangement of VK9 genes (36) . It is intriguing to speculate that the reason the variant VK10 genes of AKR mice might not be expressed frequently is because they are not rearranged as efficiently as the VK10 counterparts in other strains.
A more attractive hypothesis is that the mutations observed in other parts of this antibody somehow compensate for the germ-line encoded third hypervariable region. To this end, we analyzed the location in the known threedimensional structure of the other amino acid substitutions in the 44.1 light chain (S --T, N -* D, CDR1; D -* H, A -*T, FW3) to see if these positions were key in antigen binding. However, none of these amino acid residues comprises any part of the antigen-binding site. Certainly, changes in any of these positions could alter the three-dimensional structure and thus the capacity of this particular VK gene to serve in a CRIA-positive anti-arsonate response. Similarly, differences in the 44.1 heavy chain (for example, JH4 utilization) could potentially alter the structure of this antibody enough to compensate for the third hypervariable region of the light chain. Still, there is no easy explanation why this gene segment is not routinely used in the C.C58.AL-20 antiarsonate response.
The four hybridomas generated in this study were analyzed by a series of monoclonal idiotypic reagents. Previous studies had suggested that the E4 and H8 idiotopes were partially affected by CDR2 as well as the DFL16.1 gene segment. The studies presented here show that all four new hybrids are positive with E3, E4, and H8, even though three used the VH1.8 gene segment and one uses a VHGAM3.8 gene segment. All use the DFL16.1 gene segment. These data further emphasize the role of the DFL16.1 gene segment in the generation of the E3, E4, and H8 idiotopes. The JH4 gene segment is used by all four C.C58.AL-20 hybridomas. The 2D3 idiotype analysis of the 44.1 molecule reconfirms that lysine/asparagine is strongly implicated in this determinant. The studies also reconfirm that AD8 recognizes products of the VH1.8 gene segment in that the three hybridomas that utilize the VH1.8 gene segment are AD8 positive. What we previously knew about the light chain localization of 7B7 to VK1O by the lack of 7B7 expression on any of the hybridomas with variant VK10 light chains is also confirmed. It is likely that this epitope is generated by the germ-line CDR3 sequence of the AJI VK1O allele.
These studies illustrate that different VH and VL gene segments can be used by different strains of mice to give rise to molecules that are serologically remarkably similar while structurally distinct. The predominant immune response of A/J mice to KLH arsonate uses the VH1.8 and VK10 gene segments, whereas BALB/c mice utilize a different gene segment (VHGAM3.8) with the same VK1O gene. We now demonstrate that C.C58.AL-20 mice use the same gene segments. The recruitment of the VH1.8 gene was not surprising, but the use of the VHGAM3.8 gene segment was unexpected. It has always been known that the VHGAM3.8 gene segment existed in the A strain but in the presence of the VH1.8 gene segment it was overwhelmed in an anti-Ars response. The VHGAM3.8 gene is called upon largely in the BALB/c strain after idiotypic manipulation. In fact, it was anticipated that a variant of the VK1O gene would be used by C.C58. The AKRJ and AKR2 alleles of VK1O are only modestly different from the canonical VK1O alleles in most murine strains. It seems likely that in the C.C58 strain where serum idiotype-positive molecules were detected that the VH GAM3.8 gene was utilized with the AKRI (IgK-VJO.1a) allele (23) . This sharing of idiotypes by molecules using different VH and VL genes is in agreement with the study of Zaghouani et al. (37) . The surprisingly few somatic mutations in this group of molecules is noteworthy and is also in agreement with previous studies (38) .
The vaccine implication for our study is that idiotypic manipulation seems to generate more distinct structures than antigen immunization. There are, however, limits. In unpublished work from our laboratories we have been unable to induce CRIA-like molecules by immunizing rabbits with rabbit Ab2. Similarly, not all mice with light chain polymorphisms routinely give rise to CRIA-like molecules. It is well known that a serious problem with idiotype vaccines concerns the fact that monoclonal Ab2 are less potent than polyclonal Ab2 in inducing immune responses. For example, only a few monoclonal Ab2 can efficiently replace antigen. Nonetheless, studies of this kind combining idiotypic manipulation with structural analysis provide important insights into the molecular localization of idiotypic determinants as well as the gene segments utilized in various immune responses. J.T. and M.B. should be considered equally as first authors. We are grateful to Angela Houston for superb secretarial support and to Ross Wilson and Gabrielle Dewasme for excellent technical support. This work presents research results of the Belgian program on Interuniversity Poles of Attraction initiated by the Belgian State, Prime Minister's Office, Science Policy Programming. This work was supported by grants from the National Institutes of Health (AI-12127, GM31689) and the Robert Welch Foundation (1-0874) to J.D.C., who holds the Edwin L. Cox Distinguished Chair in Immunology and Genetics at the University of Texas Southwestem Medical Center in Dallas.
